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Abstract
In supersymmetric models, the CP asymmetry produced in the decay of the
lightest right-handed neutrino, ≡ ǫ, can be written as a function of weak scale
parameters. We introduce a way of separating ǫ into contributions from the
various weak-scale phases, and study the contribution of potentially measurable
neutrino phases to leptogenesis. We find that the Majorana phase φ′, which
could have observable effects on neutrinoless double beta decay, is important for
ǫ unless there are cancellations among phases. If the phase δ can be measured at
a neutrino factory, then it contributes significantly to ǫ over much of parameter
space.
1 Introduction
After the discovery of neutrino oscillations[1,2], leptogenesis [3] stands as one of the
most appealing explanations for the observed Baryon Asymmetry of the Universe
(BAU) [4]. One of the crucial ingredients [5] for this mechanism is CP violation in
the leptonic sector. However, there is no indication for it so far, although it could
perhaps be seen at a neutrino factory or in neutrinoless double beta decay. It is there-
fore interesting to investigate whether there is any relation between the CP violation
required for leptogenesis and the phases that could be measured at low energies in the
neutrino sector.
The leptogenesis scenario relies on the seesaw model [6] for neutrino masses, that
is usually analyzed in terms of high-energy parameters, not accessible to experiments.
So, the resulting predictions are (texture) model-dependent. The above question has
been addressed in such an approach [7–12]. Instead, we parametrize the seesaw in
terms of weak scale variables [13]. This gives us a model-independent formulation of
leptogenesis in terms of low energy inputs, in which we can study the above question.
The aim of this paper is to quantify, in a model independent way, the relation of
the CP violation required for leptogenesis to the measurable low-energy phases. We
express the CP asymmetry of leptogenesis as a function of real parameters and phases
at the weak scale, and then introduce a definition of “phase overlap” between the
leptogenesis phase and the individual low energy phases. This definition is not the
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only possible one, but has linearity properties and is calculable. It is motivated by the
notion of vector space, spanned by low energy phases (“basis vectors”), in which the
CP asymmetry of leptogenesis is a “vector”. The relative importance of a low energy
phase for leptogenesis would then be the “inner product” of the leptogenesis “vector”
with the relevant “basis vector”. We will not be able to construct such a vector space,
but it is a useful analogy to keep in mind.
The paper is organized as follows: the next section introduces CP violation in the
leptonic sector. Section 3 contains the basic concepts of the supersymmetric see-saw
and the generation of the BAU by leptogenesis, from a top-down point of view. In Sec-
tion 4 we review the procedure to reformulate the see-saw mechanism from a bottom-up
perspective. This will allow us to study leptogenesis in terms of low energy data, open-
ing the possibility of relating, in a straight-forward way, the Baryon Asymmetry of
the Universe with the CP violation measurable at neutrino factories. In section 5 we
develop the general formalism to study quantitatively the above-mentioned relation. In
Section 6 and 7 we show the results of our analysis, first for a particular case, and then
for a more general case. In section 8 we present a self-contained summary and conclu-
sions. Finally, we include an appendix with the procedure to evaluate numerically the
contributions from the low-energy phases to leptogenesis.
2 Flavour and CP violation in the leptonic sector
In the last few years, the Superkamiokande collaboration [2] has provided compelling
evidence that neutrinos have mass and oscillate. More recently, the SNO collabora-
tion [14] has confirmed the oscillation hypothesis, and the first neutral current data
[15] seem to favour the large angle MSW (LAMSW) solution to the solar neutrino
problem [16]. These results, combined with those from a series of other experiments
[17], have allowed to measure fairly well the mass splittings and mixing angles relevant
for solar and atmospheric neutrino oscillations. In addition to this, other experiments
have provided bounds on neutrino parameters from electron antineutrino disappearance
(CHOOZ)[18], the non-observation of neutrinoless double beta decay [19], the shape
of the tritium beta decay spectrum [20], and different cosmological and astrophysical
considerations. However, no evidence has been found so far for CP violation in the
leptonic sector.
The search for leptonic CP violation is theoretically motivated by several facts.
First, the discovery of CP violation in the leptonic sector could shed some light on
the mechanism that generates neutrino masses and perhaps hint at some underlying
structure. Secondly, the observation of CP violation in the quark sector, (in the neutral
kaon system, ǫ′/ǫ, and in B → ψKs), encourages the search for CP violation in the
neutrino sector. If there exists a symmetry relating quarks and leptons, these exper-
imental results would point to CP violation also in the leptonic sector. Furthermore,
particular models would give definite predictions that could be contrasted in the fu-
ture. Lastly, and most importantly for the purposes of this paper, CP violation in the
leptonic sector could be related to the observed Baryon Asymmetry of the Universe.
This is possible in the context of the see-saw mechanism.
2
On the experimental side, the leptonic version of the CKM phase can be detected
by comparing transition probabilities for neutrinos and antineutrinos:
A =
P (να → νβ)− P (ν¯α → ν¯β)
P (να → νβ) + P (ν¯α → ν¯β) . (1)
Unfortunately, it is not possible to measure such an asymmetry with the natural sources
of neutrinos, i.e. the Sun and pions decaying in the atmosphere, since the “beam”
cannot be switched from ν to ν¯. Hence, a lot of effort is being bestowed on the
design of a neutrino factory [21,22]: an intense muon source to produce a high-intensity
neutrino beam. In the muon storage ring, muons decay to produce muon neutrinos
and electron antineutrinos. Whereas a muon neutrino would produce a muon in the
detector, the oscillation of an electron antineutrino to a muon antineutrino would
produce an antimuon. This antimuon (a “wrong sign” muon) would be a clear signature
for oscillation, and P (ν¯e → ν¯µ) could be determined. One of the advantages of a
neutrino factory is that the muons in the storage ring can be replaced by antimuons.
This makes possible the measurement of P (νe → νµ) and hence the CP asymmetry.
In practice, detecting CP violation in the neutrino sector is not an easy task [23,22],
since the beam has to go through the Earth, that is CP asymmetric. In consequence,
the matter effects on the oscillation pattern can obscure the CP violation intrinsic to
neutrinos.
If neutrinos have Majorana masses, as predicted by the seesaw mechanism, there
are also “Majorana” phases, in addition to the “Dirac” phase that could be detected at
a neutrino factory. Neutrinoless double beta decay could be sensitive to these phases
(see however [24]). This lepton number violating, but CP conserving, process probes
the Majorana neutrino mass matrix element between νe and νe, which depends on the
masses and mixing angles, and also on the Majorana phases. Neutrinoless double beta
decay is not observed at the moment. However, experiments which should see a signal,
for the currently favored masses and mixing angles (LMA), are being discussed [25].
The see-saw mechanism [6] consists on adding three right-handed neutrinos to the
Standard Model (SM) particle content, singlets with respect to the SM gauge group,
and coupled to the Higgs doublet through a Yukawa coupling. Then, a Majorana mass
term for the right-handed neutrinos is not forbidden by the gauge symmetry, and can be
naturally much larger than the scale of electroweak symmetry breaking. These simple
assumptions are enough to produce neutrino masses naturally small 1. Furthermore, if
CP is violated in the leptonic sector, the decay of the right-handed neutrinos in the early
Universe produces a lepton asymmetry [3,28] that will be eventually reprocessed into
a baryon asymmetry by sphalerons [29]. This leptogenesis scenario will be discussed in
more detail in section 3.
In supersymmetric models, the seesaw mechanism can induce flavour violating pro-
cesses involving charged leptons that could be observed in the future [26]. The neutrino
Yukawa couplings generate off-diagonal elements in the slepton mass matrix, via renor-
malization group running. These flavour violating mass terms contribute inside loops
1Nevertheless, this minimal model has a serious hierarchy problem: the right-handed neutrinos
produce a (large) quadratically divergent radiative correction to the Higgs mass. Therefore, in what
follows, we will restrict ourselves to the supersymmetric version of the see-saw mechanism.
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to processes such as µ → eγ, τ → µγ and τ → eγ. This has been extensively studied
from various theoretical [30,12] and phenomenological [31,32,27] perspectives. The cur-
rent experimental bound [33] on µ → eγ imposes some restrictions on the parameter
space of the SUSY seesaw. It is anticipated that the sensitivity to τ → µγ and µ→ eγ
could improve by as much as three orders of magnitude [34] in forthcoming years. This
would provide interesting information about the flavour structure of the SUSY seesaw,
irrespective of whether lepton flavour violation is observed or not.
In this paper, we will concentrate on the possible relation of the CP asymmetry in
the leptonic sector with the Baryon Asymmetry of the Universe, in the framework of
the supersymmetric leptogenesis. We suppose that the BAU is generated in the out-
of-equilibrium decay of the lightest right-handed neutrino. The CP violation that gives
rise to the BAU is not straight-forwardly related to the CP violation that could be
observed at low energy. This has been carefully and elegantly discussed, using Jarlskog
invariants in [7]. These authors have also studied the relation of the leptogenesis phase
to low energy phases for specific high scale models and various solar solutions [8]. They
have an analytic approximation similar to ours, and our results seem to agree where
they overlap. Correlations between leptogenesis and low energy parameters have been
studied in left-right symmetric models where the Yukawa couplings are small [10], and
in various Grand Unified Theories [11]. In certain classes of top-down models, it has
been found [12] that the leptogenesis phase is unrelated to the MNS phases; these
textures correspond to the third case we study, in section 7.2, so the conclusion [12]
that δ makes little contribution to leptogenesis agrees with our result. The goal of this
paper is to investigate the interplay between the CP violation at very high energies and
at low energies, in a model independent way. We will also comment on the prospects
to observe CP violation at a neutrino factory or in neutrinoless double beta decay, in
view of the measured BAU, and inversely, what could be inferred about the BAU if
CP violation is observed at low energy.
3 The see-saw mechanism and leptogenesis: the
top-down approach
The supersymmetric version of the see-saw mechanism has a leptonic superpotential
that reads
Wlep = e
c
R
TYeL ·Hd + νcRTYνL ·Hu −
1
2
νcR
TMνcR, (2)
where Li and eRi (i = e, µ, τ) are the left-handed lepton doublet and the right-handed
charged-lepton singlet, respectively, andHd (Hu) is the hypercharge −1/2 (+1/2) Higgs
doublet. Ye and Yν are the Yukawa couplings that give masses to the charged leptons
and generate the neutrino Dirac mass, and M is a 3 × 3 Majorana mass matrix that
does not break the SM gauge symmetry. We do not make any assumptions about the
structure of the matrices in eq.(2), but consider the most general case. Then, it can be
proved that the number of independent physical parameters is 21: 15 real parameters
and 6 phases [36].
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It is natural to assume that the overall scale of M, denoted by M , is much larger
than the electroweak scale or any soft mass. Therefore, at low energies the right-handed
neutrinos are decoupled and the corresponding effective Lagrangian reads
δLlep = ecRTYeL ·Hd −
1
2
(YνL ·Hu)TM−1(YνL ·Hu) + h.c.. (3)
So, after the electroweak symmetry breaking, the left-handed neutrinos acquire a Ma-
jorana mass, given by
Mν = mDTM−1mD, (4)
suppressed with respect to the typical fermion masses by the inverse power of the large
scale M .
We will find convenient to work in the flavour basis where the charged-lepton
Yukawa matrix, Ye, and the gauge interactions are flavour-diagonal. In this basis,
the neutrino mass matrix,Mν , can be diagonalized by the MNS [37] matrix U , defined
by
UTMνU = diag(mν1, mν2 , mν3) ≡ DMν , (5)
where U is a unitary matrix that relates flavour to mass eigenstates νeνµ
ντ
 = U
 ν1ν2
ν3
 , (6)
and the mνi can be chosen real and positive. Also, we label the masses in such a way
that mν1 < mν2 < mν3. We will assume throughout the paper that the light neutrinos
have a hierarchical spectrum. We do not consider the inverse hierarchy, which may be
more difficult to match with the neutrinos detected from SN1987A [39]; we anticipate
that the contribution of δ to the leptogenesis phase could be suppressed by powers
of mν1 in this case. The CP asymmetry required for leptogenesis is suppressed for
degenerate light neutrinos [38], so we neglect this possibility.
U can be written as
U = V · diag(e−iφ/2, e−iφ′/2, 1) , (7)
where φ and φ′ are CP violating phases (if different from 0 or π) and V has the ordinary
form of the CKM matrix
V =
 c13c12 c13s12 s13e
−iδ
−c23s12 − s23s13c12eiδ c23c12 − s23s13s12eiδ s23c13
s23s12 − c23s13c12eiδ −s23c12 − c23s13s12eiδ c23c13
 . (8)
It is interesting to note that the neutrino mass matrix, Mν , depends on 9 parameters:
6 real parameters and 3 phases. Comparing with the complete theory, we discover
that some information has been “lost” in the decoupling process, to be precise, 6 real
parameters and three phases. We will return to this important issue later on.
Another remarkable feature of the see-saw mechanism is that it provides a natural
framework to generate the baryon asymmetry of the Universe, defined by ηB = (nB −
5
nB¯)/s, where s is the entropy density. This quantity is strongly constrained by Big Bang
Nucleosynthesis to lie in the range ηB ≃ (0.3− 0.9)× 10−10, to successfully reproduce
the observed abundances of the light nuclei D, 3He, 4He and 7Li [40]. As was shown by
Sakharov, generating a baryon asymmetry requires baryon number violation, C and CP
violation, and a deviation from thermal equilibrium. These three conditions are fulfilled
in the out-of-equilibrium decay of the right-handed neutrinos and sneutrinos in the
early Universe. For conciseness, and since we are concerned only with supersymmetric
leptogenesis, in what follows we will use right-handed neutrinos, and the shorthand
notation νR, to refer both to right-handed neutrinos and right-handed sneutrinos.
Let us briefly review the mechanism of generation of the BAU through leptogenesis
[3,28]. At the end of inflation, a certain number density of right-handed neutrinos, nνR ,
is produced, that depends on the cosmological scenario. These right-handed neutrinos
decay, with a decay rate that reads, at tree level,
ΓDi = Γ(νRi → ℓiHu) + Γ(νRi → L˜ih˜u) =
1
8π
(YνYν
†)iiMi. (9)
The out of equilibrium decay of a right-handed neutrino νRi creates a lepton asymmetry
given by
ηL =
nℓ − nℓ¯
s
=
nνR + nν˜R
s
ǫi κ. (10)
The value of (nνR+nν˜R)/s depends on the particular mechanism to generate the right-
handed (s)neutrinos. On the other hand, the CP-violating parameter
ǫi =
ΓDi − Γ¯Di
ΓDi + Γ¯Di
, (11)
where Γ¯Di is the CP conjugated version of ΓDi, is determined by the particle physics
model that gives the masses and couplings of the νR. Finally, κ is the fraction of the
produced asymmetry that survives washout by lepton number violating interactions
after νR decay. To ensure κ ∼ 1, lepton number violating interactions (decays, inverse
decays and scatterings) must be out of equilibrium when the right-handed neutrinos
decay. In the case of the lightest right-handed neutrino νR1 , this corresponds approx-
imately to ΓD1 < H|T≃M1, where H is the Hubble parameter at the temperature T ,
and can be expressed in terms of an effective light neutrino mass [28,41], m˜1, as
m˜1 =
8π〈H0u〉2
M21
ΓD1 = (YνYν
†)11
〈H0u〉2
M1
<∼ 5× 10−3eV. (12)
This requirement has been carefully studied [28,41,50]; the precise numerical bound on
m˜1 depends on M1, and can be found in [41].
The last step is the transformation of the lepton asymmetry into a baryon asym-
metry by non-perturbative B+L violating (sphaleron) processes [29], giving
ηB =
C
C − 1ηL, (13)
where C is a number O(1), that in the Minimal Supersymmetric Standard Model takes
the value C = 8/23.
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In this paper, we assume that a sufficient number of νR were produced — thermally,
or in the decay of the inflaton, or as a scalar condensate of ν˜Rs, or by some other
mechanism. We will concentrate on the step of leptogenesis that is most directly
related to neutrino physics, namely the generation of a CP asymmetry, ǫ, in the decay
of the right handed neutrinos. It is convenient to work in a basis of right-handed
neutrinos where M is diagonal
M = diag(M1,M2,M3), (14)
with Mi real and 0 ≤ M1 < M2 < M3. In this basis, the CP asymmetry produced in
the decay of νRi reads
ǫi ≃ − 1
8π
1
[YνYν
†]ii
∑
j
Im
{
[YνYν
†]2ij
}
f
(
M2j
M2i
)
, (15)
where [43]
f(x) =
√
x
(
2
x− 1 + ln
[
1 + x
x
])
. (16)
Here, we will assume that the masses of the right-handed neutrinos are hierarchical. We
also assume that the lepton asymmetry is generated in the decay of the lightest right-
handed neutrino. This second assumption is critical; if the asymmetry was generated
by the decay of νR2 or νR3 , it would depend on a different combination of phases. This
assumption is also dubious if the νR are produced thermally, because the νR1 mass,
M1, is severely constrained in SUSY models. To get a large enough baryon asymmetry,
M1 > 10
8 GeV is required [38,42], but M1 must be less than or of order the reheat
temperature Treh. To avoid overproducing gravitons in the early Universe, Treh is
required to be <∼ 109 − 1010 GeV [44].
With these approximations, the CP asymmetry is
ǫ1 ≃ − 3
8π
1
[YνYν
†]11
∑
j
Im
{
[YνY
†
ν ]
2
1j
}(M1
Mj
)
(17)
= − 3
8π〈H0u〉2
M1
[YνYν
†]11
Im
{
[YνMν†YνT ]11
}
. (18)
The CP asymmetry depends on quantities that appear in the superpotential of
the complete theory, eq.(2), and that are not directly measurable with experiments.
However, these quantities can be related to neutrino and sneutrino parameters, as we
will discuss in the next section. One of the goals of this paper is to implement in an
explicit way these constraints on the CP asymmetry, eq.(18).
4 The see-saw mechanism and leptogenesis: the
bottom-up approach
Our starting point will be the procedure presented in [13]. In the basis defined in
section 3, where the charged lepton mass matrix and the right-handed Majorana mass
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matrix are diagonal, the neutrino Yukawa coupling must be necessarily non-diagonal.
However, it can be diagonalized by two unitary transformations:
Yν = V
†
RDY VL. (19)
It is clear that the CP asymmetry depends just on VR and DM. These quantities
are related to the physics of the right-handed neutrinos and are not directly testable
by experiments, since they are related to very high energy physics. However, there
is a reminiscence of VR and DM in the low energy neutrino mass matrix that can be
exploited to obtain information about the high-energy physics from the neutrino data.
Substituting eq.(19) in the see-saw formula, Mν = mDTM−1mD, one obtains
D−1Y V
∗
L
Mν
〈H0u〉2
V †LD
−1
Y = V
∗
RD
−1
MV
†
R ≡M−1. (20)
From this equation we can solve for VR and DM in terms of Mν , DY and VL. Mν
is constrained by neutrino experiments, whereas DY = diag(y1, y2, y3) and VL are
unknown parameters at this stage. We choose a parametrization of the unitary matrix
VL such that
VL =
 c
L
13c
L
12 c
L
13s
L
12e
−iϕ12 sL13e
−iϕ13
−cL23sL12eiϕ12 − sL23sL13cL12ei(ϕ13−ϕ23) cL23cL12 − sL23sL13sL12e−i(ϕ12−ϕ13+ϕ23) sL23cL13e−iϕ23
sL23s
L
12e
i(ϕ12+ϕ23) − cL23sL13cL12eiϕ13 −sL23cL12eiϕ23 − cL23sL13sL12ei(ϕ13−ϕ12) cL23cL13
 ,
(21)
where cLij = cos θ
L
ij and s
L
ij = sin θ
L
ij , being θ
L
ij the angles in the VL matrix.
In certain scenarios, the parameters DY and VL can be constrained experimentally.
For example, in a scenario of minimal SUGRA, with just the MSSM+3νRs below the
GUT scale, DY and VL can in principle be extracted from the radiative corrections
to the left-handed slepton mass matrix, since the corresponding RGE depends on the
combination Y†νYν = V
†
LD
2
Y VL. To be more precise, at low energies the left-handed
slepton mass matrix reads, in the leading-log approximation(
m2
ℓ˜,ν˜
)
ij
≃ (diagonal part)ℓ˜,ν˜ +
1
8π2
(3m20 + A
2
0)Y
†
νik
Yνkj log
Mk
MGUT
. (22)
The off-diagonal terms in m2
ℓ˜,ν˜
manifest themselves in processes like µ→ eγ or τ → µγ,
that could be observed in the near future 2. In addition to this, at tree level the
three sneutrino masses are degenerate. However, radiative corrections induce a non-
universality among the masses that could perhaps be measured experimentally [46]. All
these measurements could be used to disentangle some information about the neutrino
Yukawa matrix and the right handed masses from radiative corrections. See [47] for a
recent analysis of ℓj → ℓiγ in this approach.
For leptogenesis we are particularly interested in the phases of Yν , that are in turn
related to the phases in the left-handed slepton mass matrix. It is then an important
2The upper bounds on the off-diagonal entries of Y†νikYνkj log
MX
Mk
in the scenario of mSUGRA
with the MSSM+3νRs below the GUT scale apply for a wide class of models, since one does not
expect cancellations among the different terms in the RGEs, or with the off-diagonal elements of the
tree-level slepton mass matrix.
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issue to measure the phases in m2
ℓ˜,ν˜
. The electric dipole moments (EDMs) of the
electron and muon are CP violating observables that could provide information about
these phases. However, this CP violation is flavour conserving and could come from
another flavour conserving sector of the theory, like the charginos and neutralinos,
instead of the Yukawa couplings. Furthermore, the EDMs care about the relative
phases between the charged leptons and the sleptons, of which the see-saw only induces
one. So, the contribution induced by the see-saw would be suppressed by small angles
and Yukawa couplings [48]. Therefore, to constrain the phases in the Yukawa couplings
with the EDMs, one has to make certain assumptions about the soft SUSY breaking
lagrangian. A more detailed discussion of obtaining information about the complete
theory from low energy data can be found in [13].
The VL, DY low-energy parametrization has several advantages. If we treat the 9
parameters of the neutrino mass matrix as “known”, there are 9 remaining unknown
variables in the seesaw: three phases and six real numbers. Possible parametrizations
of these unknowns are DY and VL, DM and the orthogonal complex matrix R [27], or
as in [47]. The angles and phases of VL are related in a simple way to the lepton flavour
violating slepton mass matrix entries. These off-diagonal (in the charged lepton mass
eigenstate basis) entries are currently constrained and could possibly be determined by
radiative lepton decays ℓj → ℓiγ. The eigenvalues of DY are more difficult to determine
experimentally. However, we do measure the Yukawa matrix eigenvalues for the quarks
and charged leptons, so we can make theoretical guesses of the Yν eigenvalues with more
confidence than e.g. guessing the νR Majorana masses.
It is convenient for our leptogenesis analysis to parametrize the sneutrino mass
matrix with DY and VL. It would be more correct to express the lepton asymmetry in
terms of the magnitude and phases of slepton mass matrix elements 3. Alternatively,
there is an intermediate parametrization, which can be useful for analytic estimates.
The parameters we use, VL and DY , determine Y
†
νYν rather than Y
†
νik
Yνkj log
Mk
MGUT
,
which is the expression that appears at leading log. It is easy, though, to relate VL and
DY to Y
†
νik
Yνkj log
Mk
MGUT
. Noting that
Y†νik log
Mk
MGUT
Yνkj = (Y˜
†
νY˜ν)ij = (V˜
+
L D˜
2
Y V˜L)ij (23)
Mνij
〈H0u〉2
= Y˜Tνik
1
M˜k
Y˜νkj ,
where Y˜ki = Yki
√
log Mk
MGUT
and M˜k = Mk log
Mk
MGUT
, it is possible to rewrite eq.(20)
but using tilded parameters. So, one could parametrize the see-saw mechanism with
the neutrino mass matrix,Mν, and V˜L, D˜Y , that are directly related to the leading-log
approximate solution of the left-handed slepton RGEs. Also, from the definitions, it
is straightforward to relate VL and DY with their tilded-counterparts. However, since
SUSY has not yet been discovered, we use VL and DY , with the knowledge that we can
calculate [m2ν˜ ] from these parameters. This choice will be important when we discuss
phase overlaps.
3We will follow this approach in a subsequent publication [49].
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We turn now to expressing the CP asymmetry in terms of neutrino masses, the
MNS matrix, and other unknown parameters encoded in DY and VL. We can make
an analytic approximation indicating the dependence of the CP asymmetry ǫ on our
low energy parameters. To derive these estimates, we first assume M3 ≫ M1 and
y1 ≪ y2, y3. Then we assume that [M−1†M−1]11 is the largest element of M−1†M−1,
in the basis where Yν is diagonal. As we will see, this is usually reasonable.
If a matrix Λ has a zero eigenvalue, then the remaining two eigenvalues are
λ1, λ2 =
1
2
{
TrΛ±
√
(TrΛ)2 − 4 (Λ11trΛ + detΛ− |Λ12|2 − |Λ13|2)
}
, (24)
where Tr is the trace of the 3-d matrix, and tr and det are defined on the 2-3 subspace.
In the limit where M3 → ∞, this formula can be applied to the hermitian matrix
M−1†M−1:
M−1†M−1 = D
−1
Y VLM†νV TL D−2Y V ∗LMνV †LD−1Y
〈H0u〉4
≡ Λ
y41
. (25)
To obtain simple expressions, we would like to expand eq. (24) in small dimensionless
parameters. So to avoid confusion, we scale a factor y41 out of M−1M.
The largest eigenvalue of Λ will be of order m2ν , as can be seen by defining η ≡
y1D
−1
Y = diag {η1, η2, η3} and
∆ = V ∗LMνV †L = V ∗LU∗DMνU †V †L ≡W ∗DMνW † , (26)
which gives
Λ =
η∆†η2∆η
〈H0u〉4
. (27)
We take y3 = 1. The matrix W = VLU is the rotation from the basis where the νL
masses are diagonal to the basis where the neutrino Yukawa matrix Y†νYν is diagonal.
The dominant contributions to the matrix elements of Λ can be calculated as an
expansion in η2 and η3. Only Λ11 is zeroth order in η2 and η3, so generically Λ11 ≫
Λ22,Λ33. Then from eq. (24), the lightest RH neutrino has mass
|M1|2 ≃ y
4
1
Λ11
, (28)
and the associated eigenvector will be
~v1 ≃
 Λ11Λ21
Λ31
× 1
Λ11
=
 ∆
∗
11
η2∆
∗
12
η3∆
∗
13
× 1
∆∗11
. (29)
We can use this eigenvector to evaluate eq. (18), and find
ǫ ≃ − 3y
2
1Λ
2
11
8π[ΛD2YΛ]11
Im
{
[ΛDY∆
†DYΛT ]11
[Λη∆†ηΛT ]11
}
=
3y21
8π
∑
j |W1j |2m2νj
Im
{∑
kW
2
1km
3
νk∑
nW
2
1nmνn
}
,
(30)
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where we have dropped terms of order η2 and η3, and recall that W is the rotation
from the basis where the νL masses are diagonal to the basis where Y
†
νYν is diagonal.
It is important to notice that the CP asymmetry depends only on the first row of
the matrix W , that in turn depends only on the first row of VL. In the parametriza-
tion that we have chosen for VL, eq.(21), the first row depends on two angles and
two phases. Therefore, at the end of the day, the CP asymmetry depends on the
neutrino mass matrix and five unknown parameters: y1, two angles and two phases.
Note that for generic ∆, the order of magnitude of ǫ is fixed by y21. For the GUT-
inspired value y1 ≃ mu/mt ∼ 10−4, ǫ ∼ 10−9 unless there is some amplification in
Im{[∆∆†∆]11∆∗11}/([∆∆†]11|∆11|2).
5 Phases for leptogenesis
From the previous discussion, we find that in the parametrization we have chosen, the
CP asymmetry depends on five phases, namely the phases in the MNS matrix, δ, φ
and φ′, and the phases in the first row of the VL matrix, ϕ12 and ϕ13. In this section we
would like to study the relative importance of these phases on the CP asymmetry, and
whether any of them could be considered as the “leptogenesis phase”, i.e. the phase
that is fully responsible of the CP asymmetry.
To this end, we first introduce a definition of “overlap” between the “leptogenesis
phase” and the low energy phases. At the end of the section, we will discuss issues
raised by our definition.
We define the contribution to the CP asymmetry from a phase α (this is not quite
what we call a phase overlap) such that the total CP asymmetry is the sum of the
different contributions:
ǫ = ǫδ + ǫφ + ǫφ′ + ǫϕ12 + ǫϕ13 . (31)
To obtain a decomposition of the CP asymmetry in this way, and give a more
precise definition of the different contributions, we Fourier expand the CP asymmetry:
ǫ =
∑
j,k,l,m,n
Ajklmn sin(jδ + kφ+ lφ
′ +mϕ12 + nϕ13) . (32)
This summation can be split in
ǫ =
∑
α
Cα +
∑
α<β
Cαβ +
∑
α<β<γ
Cαβγ +
∑
α<β<γ<ρ
Cαβγρ +
∑
α<β<γ<ρ<σ
Cαβγρσ , (33)
with {α, β, γ, ρ, σ} elements of the ordered set {δ, φ, φ′, ϕ12, ϕ13}. Note that the subindices
of the C’s are ordered, so δ < φ < φ′ < ϕ12 < ϕ13. (to avoid double counting, only Cδφ
exists, and Cφδ does not.) Some of the terms in the summation are:
Cδ =
∑
j 6=0
Aj0000 sin(jδ) (34)
Cδφ =
∑
j 6=0,k 6=0
Ajk000 sin(jδ + kφ) (35)
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Cδφφ′ =
∑
j 6=0,k 6=0,l 6=0
Ajkl00 sin(jδ + kφ+ lφ
′) (36)
and so on.
We can now rewrite the summation eq.(33) in a way that resembles eq.(31). It is
clear that Cδ is a contribution from δ to the CP asymmetry, so it must be one of the
terms in ǫδ. On the other hand, Cδφ is a contribution from δ, but also from φ, and it is
not possible to conclude whether it is a contribution from δ or from φ. So, we will say
that Cδφ contributes in Cδφ/2 to ǫδ and in Cδφ/2 to ǫφ. This rationale can be applied
to the rest of the terms in the expansion eq.(33) to finally obtain
ǫδ = Cδ +
1
2
∑
β
Cδβ +
1
3
∑
β<γ
Cδβγ +
1
4
∑
β<γ<ρ
Cδβγρ +
1
5
∑
β<γ<ρ<σ
Cδβγρσ , (37)
and similarly for ǫφ, ǫφ′ , ǫϕ12 and ǫϕ13 . It can be checked that with this decomposition,
eq.(31) holds.
In this analysis, we are only concerned with the relative contributions of the dif-
ferent phases to the CP asymmetry, and not with the overall magnitude of the CP
asymmetry itself (that is essentially determined by the unknown parameter y1). So, we
normalize the different contributions to 1, and define “phase overlap” as the normalized
contribution from a phase to the CP asymmetry. This quantity measures the relative
importance of that phase for the CP asymmetry compared to the rest of the phases.
For instance, the “overlap” of δ with the leptogenesis phase is:
Oδ =
|ǫδ|√∑
α ǫ2α
, (38)
which satisfies
∑
O2α = 1 and 0 ≤ Oα ≤ 1. Had we chosen a linear normalization, i.e.
Oα = ǫα/ǫ, in some regions of the parameter space |Oα| could be larger than one, due to
cancellations among the different ǫα’s. So, we prefer to use a quadratic normalization,
that satisfies 0 ≤ Oα ≤ 1 to better represent the fractional contribution of the phase α
to ǫ.
The overlap defined in eq.(38) measures the importance of δ for ǫ, provided that the
phases in the expansion are independent and “orthogonal”. In any parametrization of
the seesaw, six phases are required, so independence is automatic. The importance of
“orthogonality” can be understood by analogy with linear algebra, where a vector can
be uniquely decomposed in its components along a given orthonormal basis. Similarly,
the phases of our parametrization must be “orthogonal”, as well as independent, to have
a unique definition of the fraction of ǫ due to δ. However, a mathematical definition
of “orthogonality” is difficult, perhaps impossible, because we do not have an inner
product between phases. So we opt for a physical notion: we assume as “orthogonal”
the so-called “physical” phases, the phases that could be measured at low energy — in
practice, or in principle in the best of all physicists worlds. Notice that the choice of
low energy phases is important — had we parametrized with the phases of U and W ,
then from eq. (30), ǫ depends only on the phases ofW1i and is independent of the MNS
phases. Similarly, if the seesaw is parametrized using U and the complex orthogonal
12
matrix R, The MNS matrix cancels out of the equation for ǫ, and the δ dependence of
ǫ is buried in R.
The measurable phases of the slepton sector are those of the slepton mass matrices,
so we should expand ǫ on δ, φ′, φ, and the phases of [m2
L˜
]. However, we find it convenient
to parametrize the seesaw in terms of VL and DY , rather than [m
2
L˜
], as discussed in
section 4. The [m2
L˜
] are therefore functions of the real angles of VL, as well as the
phases of VL, so ϕ12 and ϕ13 are not quite the correct physical phases. We expect this
choice to have little effect on the relative importance of δ and φ′ for leptogenesis. VL
is closely related to the slepton mass matrix, and in the limit that the real angles in
VL are small, the phases of [m
2
L˜
] are those of VL (or V˜L) in leading log.
Finally, this definition of overlap is statistical . Oδ gives the probable importance
of δ for ǫ, assuming all phases are unknown and O(1). But if, for instance, δ = 0, Oδ
will be non-zero, because parts of the crossed terms {Cδα, Cδ,α,β, ...} are included in Oδ,
and these terms could be non-zero due to the other phases.
To avoid possible confusion, observe that our notion of “leptogenesis phase” differs
from the one introduced in [42], who write ǫ = ǫmaxδeff where ǫmax is the upper bound
on ǫ. The asymmetry is the imaginary part of a complex number ǫ ≡ Im{|ǫc|eiρ} =
|ǫc| sin ρ, so we interpret the “leptogenesis phase” to be ρ.
The definition, eq. (38), of the fraction of ǫ that is due to δ, depends on eight
unknowns: three real angles and the five phases. We assume that the real angles could
be measured, so we present results for different fixed values of the angles. We take
random values of the phases, linearly distributed between 0 and 2π, and make scatter
plots of the overlaps {Oα}. If most of the points are distributed at |Oα|2 > .3, we
conclude that the phase α contributes significantly to ǫ (α here represents any phase
among {δ, φ′, φ, ϕ12, ϕ13}). Notice however that this is a statistical statement, based
on choosing all the phases randomly and large.
6 The case VL = 1
In this section we particularize the previous study to the case VL = 1. In this case,
there is no flavour or CP violation induced radiatively by right-handed neutrinos in
the slepton mass matrices. Since we have fixed the VL matrix, the number of unknown
parameters is reduced, and the CP asymmetry depends just on the neutrino mass
matrix and y1, the lightest eigenvalue of Y
†
νYν .
When VL = 1, only the phases in the MNS matrix (δ, φ and φ
′) are relevant, hence
the analysis of the previous section is greatly simplified. The CP asymmetry can be
written as the sum of the contributions from the phases δ, φ and φ′,
ǫ = ǫδ + ǫφ + ǫφ′ . (39)
As in the previous section, we Fourier expand ǫ, yielding
ǫ =
∑
j,k,l
Ajkl sin(jδ + kφ+ lφ
′) = Cδ + Cφ + Cφ′ + Cδφ + Cδφ′ + Cφφ′ + Cδφφ′ , (40)
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with Cα, Cαβ and Cδφφ′ as in eqs.(34)-(36). Then, the contribution from the phases δ,
φ and φ′ to the CP asymmetry read
ǫδ = Cδ +
1
2
(Cδφ + Cδφ′) +
1
3
Cδφφ′
ǫφ = Cφ +
1
2
(Cδφ + Cφφ′) +
1
3
Cδφφ′ (41)
ǫφ′ = Cφ′ +
1
2
(Cδφ′ + Cφφ′) +
1
3
Cδφφ′ .
As before, and since we are only concerned with the relative contributions from the
different phases to ǫ and not with the overall magnitude, we define the “phase overlaps”
as:
Oα =
|ǫα|√
ǫ2δ + ǫ
2
φ + ǫ
2
φ′
, (42)
where α = δ, φ, φ′. With these definitions, the following identity holds:
(Oδ)
2 + (Oφ)
2 + (Oφ′)
2 = 1 . (43)
In Figure 1 we show the numerical results for different CHOOZ angles. We show the
results for the LAMSW solution to the solar neutrino problem and the mass hierarchy
mν1 : mν2 : mν3 = 10
−2 : 0.1 : 1. Each point corresponds to a random value of
the phases δ, φ and φ′ between 0 and 2π. In view of eq.(43), we find convenient to
present the results on a triangular plot, where the distance to the sides of the triangle
corresponds to the “phase overlaps” squared, defined in eq.(42) (see upper left plot).
When the CHOOZ angle is close to the experimental bound (upper right plot) over
most of the parameter space the relevant phases are δ and φ′, and their contributions
are approximately equal. In this case, the phase φ is essentially irrelevant, except for
a few points that correspond to 2δ − φ′ ≃ 0, π. On the other hand, when the CHOOZ
angle is moderately small (lower left plot), we find points scattered over the whole
triangle: the three phases are relevant in this case. One can also see from the figure
that the points seem to follow a circular pattern. We will come back to this issue
later on. Finally, when the CHOOZ angle is very small (lower right plot), the relevant
phases are φ and φ′, except for the points for which φ − φ′ ≃ 0, π, where the phase δ
becomes relevant. A neutrino factory is expected to be sensitive to sin θ13 >∼ 10−4 [22]
and to be able to see CP violation for phases of order 1 if sin θ13 >∼ .01 [23].
These plots can be understood analytically using the approximation for the CP
asymmetry, eq.(30). When VL = 1, the CP asymmetry has a fairly simple expression
in terms of low energy neutrino data and y1, the lightest eigenvalue of Y
†
νYν :
ǫ ≃ 3y
2
1
8πD
Im
{
m3ν1 c
2
13c
2
12 e
−iφ +m3ν2 c
2
13s
2
12 e
−iφ′ +m3ν3 s
2
13 e
−2iδ
mν1 c
2
13c
2
12 e
−iφ +mν2 c
2
13s
2
12 e
−iφ′ +mν3 s
2
13 e
−2iδ
}
, (44)
where D = m2ν1 c
2
13c
2
12 +m
2
ν2
c213s
2
12 +m
2
ν3
s213. For the mass hierarchy and the ranges
of CHOOZ angles that we are using, it turns out that mν2 ≫ mν1 , mν3s213, so we can
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Figure 1: “Phase overlaps” for the case VL = 1, i.e. Y†νYν diagonal. The upper left plot indicates
the meaning of the distances to the different sides of the triangle. The rest of the triangles show
density plots of the “phase overlaps” for random values of the phases and different CHOOZ angles:
0.1 (upper right), 0.01 (lower left) and 0.001 (lower right). The darkest regions correspond to the
largest density of points.
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expand the denominator in ǫ. Approximating θ12, θ23 ∼ π/4, the result is:
ǫ ≃ −3y
2
1
4π

(
mν3
mν2
)3
2s213 sin(2δ − φ′)−
mν1
mν2
sin(φ− φ′)
 . (45)
When the CHOOZ angle is much larger than
√
mν1m
2
ν2
/m3ν3 the first term in eq.(45)
dominates, unless 2δ − φ′ is close to 0 or π. This condition is satisfied in particular
when the lightest neutrino is very light, which is an interesting physical possibility. For
the mass hierarchy that we have chosen, the condition above reads s13 ≫ 0.01, which
is satisfied when the CHOOZ angle is close the present experimental limit. Recall that
θ13 >∼ .01 is required to detect δ at a neutrino factory, so this limit would hold if CP
violation is observed at the neutrino factory. The CP asymmetry in this case can be
approximated by
ǫ ≃ −3y
2
1
2π
(
mν3
mν2
)3
s213 sin(2δ − φ′), (46)
that does not depend on φ; only on δ and φ′. Furthermore, the dependence is such
that one cannot conclude whether the ”leptogenesis phase” is δ or φ′. Instead, in
this limit, the ”leptogenesis phase” is the combination 2δ − φ′. Comparing eq.(46)
with the Fourier expansion, eq.(40), it follows that for most points, ǫ ≃ Cδφ′ . Hence
ǫφ ≃ 0, ǫδ ≃ ǫφ′ ≃ Cδφ′/2. (ǫδ ≃ ǫφ′ is a consequence of the fact that ǫ depends on a
combination of δ and φ′.) Consequently, most points in the scatter plot, Fig. 1, upper
right, are concentrated in the middle of the side corresponding to Oφ = 0.
On the other hand, when the CHOOZ angle is very small, it is the second term in
eq.(45) the one that dominates, as long as (φ − φ′) is different from 0 or π. In this
limit,
ǫ ≃ 3y
2
1
4π
mν1
mν2
sin(φ− φ′) . (47)
The CP asymmetry only depends on φ and φ′, and the ”leptogenesis phase” is φ− φ′.
As before, comparing eq.(47) with the expansion eq.(40), we conclude that for most
points, ǫ ≃ Cφφ′. Hence, ǫδ ≃ 0, ǫφ ≃ ǫφ′ ≃ Cφφ′/2. In consequence, most points in
Fig.1, lower right, are concentrated in the middle of the side corresponding to Oδ = 0.
Finally, for values of the CHOOZ angle ∼
√
mν1m
2
ν2/m
3
ν3 , both terms in eq.(45) have
to be taken into account. In this case, we cannot say that there is a single ”leptogenesis
phase”: both δ−2φ and φ−φ′ are ”leptogenesis phases”. Concerning the contributions
from the phases δ, φ and φ′ to the CP asymmetry, it is apparent from eq.(45) that in
a generic point the three contributions are going to be comparable. To be precise:
ǫδ =
1
2
Cδφ′
ǫφ =
1
2
Cφφ′ (48)
ǫφ′ =
1
2
(Cδφ′ + Cφφ′)
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where,
Cδφ′ ≃ −3y
2
1
2π
(
mν3
mν2
)3
s213 sin(2δ − φ′)
Cφφ′ ≃ 3y
2
1
4π
mν1
mν2
sin(φ− φ′) .
From these formulas, it is possible to understand the circular pattern that appears in
Fig. 1, lower left, changing from triangular coordinates to Cartesian coordinates. We
define the Cartesian axes setting the origin at the lower left vertex of the triangle, and
we denote as x (y) the horizontal (vertical) axis. The change of variables read,
x =
2√
3
[
O2δ
2
+O2φ
]
y = O2δ , (49)
and using that ǫφ′ ≃ ǫδ + ǫφ, we obtain, after some algebra, (x− 1√3)2 + (y − 13)2 ≃ 19 ,
which is the equation of a circle centered in the barycentre of the triangle, with radius
1/3.
7 The general case
In the general case the number of unknown parameters involved is rather large (five
phases, two angles in the VL matrix and the CHOOZ angle), so the analysis is much
more intricate since many different limits arise. However, we will see that only a few
limits are distinct and physically interesting; the rest correspond to small regions in the
parameter space that could arise in particular models, but that we will not consider,
following the same bottom-up spirit as in the rest of the paper.
The different limits stem from the possible ways to expand the denominator in our
approximate expression for the CP asymmetry
ǫ ≃ 3y
2
1
8π
∑
n |W1n|2m2νn
Im
{∑
iW
2
1im
3
νi∑
j W
2
1jmνj
}
. (50)
The relevant elements in W for the calculation are
W11 ≃ e−iφ/2
[
1√
2
cL12c
L
13 + e
iϕ12sL12c
L
13
(
1
2
+
1
2
eiδs13
)
− eiϕ13sL13
(
1
2
− 1
2
eiδs13
)]
W12 ≃ e−iφ′/2
[
1√
2
cL12c
L
13 − eiϕ12sL12cL13
(
1
2
− 1
2
eiδs13
)
+ eiϕ13sL13
(
1
2
+
1
2
eiδs13
)]
,(51)
W13 ≃ e−iδcL12cL13s13 −
1√
2
eiϕ12sL12c
L
13 −
1√
2
eiϕ13sL13
where we have approximated cos θ13 ≃ 1 and we have assumed maximal solar and
atmospheric mixings. It is apparent from these equations that different limits are going
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to arise depending on the mixing angles in VL and the CHOOZ angle. We find then
an interesting interplay between leptogenesis and lepton flavour violation, induced by
radiative corrections through Y†νYν = V
†
LD
2
Y VL. However, from the parametrization
we have chosen for VL, eq.(21), one realizes that the off-diagonal elements of Y
†
νYν
depend also on θL23, that does not play any role in the CP asymmetry generated in the
decay of the lightest right-handed neutrino 4.
We obtain simple analytic expressions when the denominator of eq. (50) can
be expanded in small parameters. In the whole of section 7, we assume |W12| >
|W11|
√
mν1/mν2 , so we can neglect mν1 terms in the denominator. When |W13|2 <
|W12|2m2ν2/m2ν3 which will be the case if θL12, θL13, θ13 < .1, ǫ can be approximated by
ǫ ≃ 3y
2
1
8π|W12|2 Im
(mν3
mν2
)3
W 213
W 212
−
(
mν1
mν2
)
W 211
W 212
 . (52)
On the other hand, when the mixing in VL is large, in the sense that sin θ
L
12 or sin θ
L
13
is larger than ∼ 0.1, then |W13|2 > |W12|2mν2/mν3 , and the CP asymmetry reads
ǫ ≃ − 3y
2
1
8π|W13|2
(
mν2
mν3
)
Im
[
W 212
W 213
]
. (53)
There is also an intermediate case, between these limits, where |W13|2mν3/mν2 <
|W12|2 < |W13|2m2ν3/m2ν2 . We do not discuss this, because mν3/mν2 ∼ 10 for the
hierarchical LMA solution we consider.
Let us analyze the two cases separately.
7.1 |W11| ∼ |W12| ≫ |W13|mν3/mν2
The analysis for this case is parallel to the one we performed in the previous section for
the case VL = 1, where |U11| ∼ |U12| ≫ |U13|mν3/mν2 . Using that mν2 ≫ mν1 , mν3sisj ,
where si is any of s13, s
L
12, s
L
13, we can expand eq.(52), keeping the leading order terms
in the expansion. The result is:
ǫ ≃ −3y
2
1
4π

(
mν3
mν2
)3 [
2s213 sin(2δ − φ′)− (sL12)2 sin(2ϕ12 + φ′)− (sL13)2 sin(2ϕ13 + φ′)
−2
√
2s13s
L
12 sin(δ − ϕ12 − φ′)− 2
√
2s13s
L
13 sin(δ − ϕ13 − φ′)− 2sL12sL13 sin(ϕ12 + ϕ13 + φ′)
]
−
(
mν1
mν2
)
sin(φ− φ′)
}
. (54)
Obviously, in the limit sL12, s
L
13 → 0 we recover eq.(45). In the case VL = 1 we found dif-
ferent limits, depending on the value of the CHOOZ angle. Now, the role of the CHOOZ
4It is important, though, for the computation of the CP asymmetry generated in the decay of
the heavier right-handed neutrinos, that could be relevant, or even dominant, in some scenarios
(particularly in scenarios with non-thermal creation of right handed neutrinos). Research along this
lines would be certainly interesting, since in this case lepton flavour violation could be intimately
related with leptogenesis.
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angle is played by the angles θL12, θ
L
13 and the CHOOZ angle itself, and the results are
different depending on the values of these angles compared with
√
mν1m
2
ν2/m
3
ν3 .
• When any of the angles s13, sL12 or sL13 is much larger than
√
mν1m
2
ν2/m
3
ν3 , the
term proportional to (mν3/mν2)
3 in eq.(54) dominates:
ǫ ≃ −3y
2
1
4π
(
mν3
mν2
)3 [
2s213 sin(2δ − φ′)− (sL12)2 sin(2ϕ12 + φ′)− (sL13)2 sin(2ϕ13 + φ′) (55)
−2
√
2s13s
L
12 sin(δ − ϕ12 − φ′)− 2
√
2s13s
L
13 sin(δ − ϕ13 − φ′)− 2sL12sL13 sin(ϕ12 + ϕ13 + φ′)
]
.
We recall here that this limit corresponds to the case where the lightest neutrino mass
is very small. On the other hand, for the mass hierarchy that we are using as reference
to present our numerical results, mν1 : mν2 : mν3 = 10
−2 : 0.1 : 1, this limit arises when
any of the angles is much larger than ∼ 0.01, in particular, when the CHOOZ angle
is close to the experimental bound and the relevant angles in VL are comparable to or
smaller than the CHOOZ angle.
When the three angles are comparable in size, we see that there are three “lepto-
genesis phases”: 2δ − φ′, 2ϕ12 + φ′ and 2ϕ13 + φ′ (the arguments of the sines in the
last three terms of eq.(55) are combinations of these). Notice that in this limit φ′ is an
important phase for leptogenesis, although it cannot be regarded as the “leptogenesis
phase”, since the actual “leptogenesis phases” are combinations of φ′ with other phases.
However, an indication for a non-vanishing φ′, coming for example from experiments
on neutrinoless double beta decay, would provide an indication for leptogenesis.
If there are two angles that are comparable, while the third is much smaller than
the others, then there are two “leptogenesis phases”. To understand better the results
for this limit, we analyze in some detail the case s13 ≃ sL12 ≫ sL13. If sL23 is also small,
this case would produce small rates for µ → eγ, as can be checked from eq.(21). The
results for the other possibilities, s13 ≃ sL13 ≫ sL12 and sL12 ≃ sL13 ≫ s13, can be easily
deduced from this analysis, making the appropriate substitutions. We have computed
numerically the different contributions to the CP asymmetry for the choice of angles
s13 = s
L
12 = 0.03, s
L
13 = 0, the mass hierarchy mν1 : mν2 : mν3 = 10
−2 : 0.1 : 1 and
assigning random values, between 0 and 2π, to the phases. We obtain that for most
of the parameter space, the only non-vanishing contributions to the CP asymmetry
are ǫδ, ǫϕ12 and ǫφ′ (ϕ13 does not play any role, because we have set s
L
13 to 0 ). Since
there are essentially only three contributions involved, a convenient way of presenting
the results is using a triangular plot. In Fig.2, left, we explain how to interpret the
distances to the different sides of the triangle, whereas in Fig.2, right, we show the
numerical results of the calculation. We find that in general the three contributions
are comparable, although the contribution from φ′ is slightly larger than the other two.
This can be understood from the analytical approximation, eq.(55), setting sL13 = 0.
The different contributions to the CP asymmetry are:
ǫδ =
1
2
Cδφ′ +
1
3
Cδφ′ϕ12
ǫφ′ =
1
2
(Cδφ′ + Cφ′ϕ12) +
1
3
Cδφ′ϕ12 (56)
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Figure 2: The same as Fig.1, for the case where s13 = sL12 = 0.03, s
L
13 = 0. The left plot indicates
how to interpret the distances to the different sides of the triangle, and the right plot shows a density
plot of the “phase overlaps” for random values of the phases. The darkest regions correspond to the
largest density of points.
ǫϕ12 =
1
2
Cφ′ϕ12 +
1
3
Cδφ′ϕ12 ,
where,
Cδφ′ ≃ −3y
2
1
2π
(
mν3
mν2
)3
s213 sin(2δ − φ′)
Cφ′ϕ12 ≃
3y21
4π
(
mν3
mν2
)3
(sL12)
2 sin(2ϕ12 + φ
′) (57)
Cδφ′ϕ12 ≃ −
3y21√
2π
(
mν3
mν2
)3
s13s
L
12 sin(δ − ϕ12 − φ′),
that are in general comparable.
Finally, if one of the angles dominates over the others, the conclusions are very
similar as for the case VL = 1, where the CP asymmetry received contributions from
φ′ and δ. Here, the role of δ is played by the phase corresponding to the angle that
dominates (δ for s13, ϕ12 for s
L
12, and ϕ13 for s
L
13). In this case, ǫ ≃ Cxφ′, where x is the
relevant angle among δ, ϕ12 and ϕ13. On the other hand, the normalized contributions
are Ox ≃ Oφ′ ≃ 1/
√
2, while they are vanishing for the rest of the phases. For example,
if sL12 ≫ s13, sL13, then ǫ ≃ Cφ′ϕ12 and Oϕ12 ≃ Oφ′ ≃ 1/
√
2.
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• When all the angles (s13, sL12 and sL13) are much smaller than
√
mν1m
2
ν2
/m3ν3 , the
term proportional to mν1/mν2 dominates in eq.(54) and the CP asymmetry reads
ǫ ≃ 3y
2
1
4π
(
mν1
mν2
)
sin(φ− φ′) . (58)
In this limit, the results are identical as in the corresponding limit in the case VL = 1,
and there is a single “leptogenesis phase”, φ− φ′. So, the normalized contributions to
the CP asymmetry from φ and φ′ are equal to 1/
√
2, while the contributions from the
rest of the phases vanish. The numerical analysis yield a plot that is very similar to
Fig.1, lower right, where the role of Oδ is played by either Oϕ12, Oϕ13 or Oδ.
• Lastly, in the situations where the two terms in eq.(54) are comparable, the
analysis is very involved, since in principle there are four independent “leptogenesis
phases”, namely, 2δ − φ′, 2ϕ12 − φ′, 2ϕ13 − φ′ and φ − φ′. So, the CP asymmetry
receives contributions from the five phases, and in general they are comparable in size.
Hence, it is very difficult to extract any general conclusion for this case.
7.2 |W12|2mν2/mν3 < |W13|2
For simplicity, and since the number of phases and angles involved is rather large,
we will set one of the angles in VL equal to zero, say s
L
13 = 0, so the phase ϕ13
becomes irrelevant. Since sL12 and s
L
13 appear in a similar way in the formulas, one can
qualitatively derive the result when sL13 is different from zero. With this choice, we
are left with only two angles, the CHOOZ angle, s13, and one angle in VL, s
L
12. The
limit we are studying in this section requires sL12 larger than ∼ 0.1. Then, using the
experimental bound on the CHOOZ angle and that our phases are generically of order
1, the denominator can be expanded as
1
|W13|2 ≃
2
(sL12)
2
(
1 + 2
√
2
cL12
sL12
s13 cos(δ + ϕ12)
)
. (59)
Hence, the CP asymmetry can be approximated by
ǫ ≃ −3y
2
1
4π
(cL12)
3
(sL12)
5

(
sL12
cL12
)−2 sin(2ϕ12 + φ′) + 2√2
(
sL12
cL12
)
sin(ϕ12 + φ
′)−
(
sL12
cL12
)2
sin φ′

+s13
[
2
√
2[sin(δ − ϕ12 − φ′)− 3 sin(δ + 3ϕ12 + φ′)] (60)
−4
(
sL12
cL12
)
[sin(δ − φ′)− 3 sin(δ + 2ϕ12 + φ′)] +
√
2
(
sL12
cL12
)2
[2 sin(δ − ϕ12 − φ′)
+ sin(δ + ϕ12 − φ′)− 3 sin(δ + ϕ12 + φ′)]− 2
(
sL12
cL12
)3
sin(δ − φ′)
 .
This expression is rather cumbersome and it is difficult to extract information from
it. It is not possible in general to identify the “leptogenesis phase”, although it is
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clear that leptogenesis depends mainly on φ′ and ϕ12, whereas the dependence on δ is
weaker.
In Fig.3 we show the numerical results for this case. As usual, we show a triangle
with the meaning of the distances to the different sides (upper left plot), and density
plots of the “phase overlaps” for the mass hierarchy mν1 : mν2 : mν3 = 10
−2 : 0.1 : 1,
taking random values for the phases between 0 and 2π. In the upper right (lower left)
plot we show the results for tan θL12 = 0.5 (1) and s13 = 0.1. In both plots, the points
are concentrated close to the base of the triangle (that corresponds to Oδ small), due
to the small value of the CHOOZ angle. In the plot corresponding to tan θL12 = 0.5 the
points are concentrated around the center of the base, whereas for tan θL12 = 1, they are
spread all over the base. This can be understood from the dependence of ǫ on cot θL12.
For tan θL12 = 0.5, the terms with both ϕ12 and φ
′ are the dominant ones, so Cφ′ϕ12 is
the largest contribution to the CP asymmetry. On the other hand, when tan θL12 = 1
these terms are comparable to the one with sin φ′, so ǫ is dominated by Cφ′ϕ12 and Cφ′ .
Depending on the value of φ′ the points spread along the basis of the triangle. In the
lower right plot we show the numerical results for tan θL12 = 0.5 and s13 = 0.01. The
plot is similar to the one with s13 = 0.1 but with an even smaller value of Oδ.
8 Summary and Discussion
If neutrino masses are due to the seesaw mechanism, then the heavy right-handed
neutrinos can generate a lepton asymmetry in the early Universe when they decay out
of equilibrium, if they have CP violating couplings. Such complex couplings in the
high energy parameters could induce three phases in the light neutrino sector, called
φ, φ′ and δ (these are the phases that appear in the MNS matrix; see eqs. (7) and (8)).
Upcoming experiments may be sensitive to two of these phases: the Dirac phase δ could
be measured at a neutrino factory, whereas the Majorana phase φ′ might have some
observable effects in neutrinoless double beta decay. In this paper, we are interested in
the relative importance of the phases φ′ and δ for leptogenesis.
To address this issue, we use a parametrization of the seesaw in terms of weak
scale variables: the light neutrino masses, the MNS matrix, the eigenvalues of the
neutrino Yukawa matrix, and a unitary matrix VL. We assume a hierarchical light
neutrino spectrum, with the lightest neutrino mass of order mν3/100, and an MNS
matrix that corresponds to the LAMSW solution to the solar neutrino problem. The
matrix VL is related to the off-diagonal (lepton flavour violating) elements of the slepton
mass matrix, and contains three phases, two of which (ϕ12, ϕ13) are relevant for our
calculation. It is important to use a parametrization in terms of “physical” weak scale
phases; this is discussed in section 5.
In the parameter space we are interested in, we find a simple analytic approximation
for the lepton asymmetry ǫ1, produced in the decay of the lightest right-handed neutrino
νR1 :
ǫ1 ≃ 3y
2
1
8π
∑
j |W1j |2m2νj
Im
{∑
kW
2
1km
3
νk∑
nW
2
1nmνn
}
(61)
(see eq. (30)). In this equation, y1 is the smallest eigenvalue of the neutrino Yukawa
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PSfrag replacements
O2δ
O2ϕ12
O2φ′
PSfrag replacements
O2δ
O2ϕ12
O2φ′
Figure 3: The same as fig.1 for different situations where |W12|2mν2/mν3 < |W13|2. The upper
left plot indicates the meaning of the distances to the different sides of the triangle. The rest of the
triangles show density plots of the “phase overlaps” for random values of the phases, sL13 = 0 and
tan θL12 = 0.5, s13 = 0.1 (upper right), tan θ
L
12 = 1, s13 = 0.1 (lower left), and tan θ
L
12 = 0.5, s13 = 0.01
(lower right). The darkest regions correspond to the largest density of points. (See sect. 7.2 for
details.)
23
matrix, and W is the unitary transformation from the basis where the νL mass matrix
is diagonal to the basis where Y†νYν is diagonal: W1n = [VL]1m[U ]mn where VL and U
are defined in eqs. (7), (8) and (21).
We are interested in the relative importance of the phases φ′ and δ for ǫ. That is,
we do not discuss whether we get ǫ large enough, which is essentially controlled by real
parameters, such as y1. We assume that the observed baryon asymmetry is produced
in the out of equilibrium decay of νR1 and study how important could be δ or φ
′ for
the CP asymmetry. In other words, if we suppose that ǫ is of the correct size, what
fraction of ǫ is due to δ or φ′?
We Fourier expand ǫ on the five relevant phases of our low-energy parametrization
ǫ =
∑
j,k,l,m,n
Ajklmn sin(jδ + kφ+ lφ
′ +mϕ12 + nϕ13) , (62)
and then divide the sum into five components, one due to each phase. In ǫδ, which
is the component due to δ, we put all the terms from the Fourier expansion that are
∝ sin(jδ). We define Cδα to be the sum of all the terms ∝ sin(jδ + nα), and divide it
equally between ǫδ and ǫα — that is, we add
1
2
∑
αCδα to ǫδ. We also add the terms
∝ sin(jδ+nα+mβ), multiplied by 1/3, and so on (α and β are one of {φ, φ′, ϕ12, ϕ13}).
This procedure is described in more detail in section 5, and the formula for ǫδ can be
found in eq.(37). Then we define a normalized “fraction of ǫ due to δ”, which we call
the overlap between the leptogenesis phase and δ, as
Oδ =
|ǫδ|√∑
α ǫ
2
α
. (63)
The magnitude of Oδ or Oφ′ depends on five phases and three unknown real parameters:
the CHOOZ angle, θ13, and two angles from VL, that is related to radiative decays.
In the numerical calculation, we fix the hierarchy of light neutrino masses, the angles
and assign random values (linearly distributed) to the phases between 0 and 2π. The
numerical results are shown in density plots in the Oδ −Oφ′ space.
We present results for two representative cases. In section 6 we discuss the VL = 1
case, where the three relevant phases are δ, φ′ and φ (the phases of the MNS matrix),
and in Section 7 we allow for two non-zero angles in VL. For the sake of clarity in
the presentation, in Section 7 we analyze simplified scenarios to reduce the number of
phases involved to three. Since the definition of overlap satisfies the identity
∑
O2α = 1,
a convenient way of showing the results is by using a triangular plot, where the distance
to each side of the triangle corresponds to O2α.
The VL = 1 model should be a good approximation when the angles in VL are
smaller than the CHOOZ angle. It can be checked from eqs.(51) and (61) that the
Dirac phases δ, ϕ12 and ϕ13 appear in ǫ multiplied by the sine of a real angle (θ13, θ
L
12
and θL13, respectively). If θ
L
12 and θ
L
13 are much smaller than the CHOOZ angle θ13, then
ϕ12 and ϕ13 are less important for ǫ than δ.
In Section 7 we analyze the situation where there are angles in VL larger than the
CHOOZ angle. The angles of VL are related to the branching ratios for ℓj → ℓiγ,
as discussed after eq. (22) : BR(ℓj → ℓiγ) ∝ y2k|[VL]∗kj[VL]ki|2. Current limits on
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τ → µγ, τ → eγ, and µ → eγ are satisfied if all angles θLij <∼ .1. However, present
bounds and anticipated improvements on all three branching ratios can be satisfied if
e.g. θL13, θ
L
23 ≃ 0 and θL12 ∼ 1. So it is phenomenologically possible to have at least
one large angle. The associated phase could then be important for leptogenesis; this
possibility is studied in that section.
The approximate expression for ǫ given in eq.(61), shows that for generic W1j ,
ǫ ∝ Im(W12W ∗13)2. That is, the terms proportional to mν1 can be neglected when
W12 > W11
√
mν1/mν2 and W13 > W11
√
mν1m
2
ν2
/m3ν3, as discussed in section 7. Recall
that W13 contains terms ∼ sin θ13, sin θL12, sin θL13. We set sin θL13 to zero, to ensure that
ℓj → ℓiγ constraints are satisfied, and because the functional dependence of ǫ on sin θL12
and sin θL13 is similar
5. So the case studied in that section has three phases: δ, φ′ and
ϕ12.
The CP asymmetry ǫ usually depends on the interference between at least two
phases. Our results can be divided into three representative cases, according to the
neutrino masses and low energy mixing angles. The phases relevant to leptogenesis can
be 1) the light majorana phases φ and φ′, or 2) the neutrino factory phase δ and φ′, or
3) φ′ and phase(s) from the slepton mass matrix. The first two cases were discussed in
section 6, and the third in section 7. We outline here the observational consequences
of each case.
The majorana phases φ and φ′ are the relevant phases for leptogenesis (equivalently
Oφ and Oφ′ are large) when
θ13, θ
L
1j ≪
√√√√m2ν2mν1
m3ν3
, (Oφ, Oφ′ large) (64)
where j = 1, 2. For mν1 ∼ .01mν3, 6 these conditions imply a CHOOZ angle θ13 < .01,
BR(τ → eγ) <∼ 10−10 and BR(µ → eγ) <∼ 10−4BR(τ → µγ). 7 So if this scenario is
realised, then with forseeable sensitivities, τ → µγ and µ→ eγ could be observed, but
θ13 and τ → eγ will not be seen. If mν1 was measured in 0ν2β decay, then sufficient
conditions (eqn 64) could be determined: knowing mν1 fixes how small θ13 and θ
L
1j must
be for their associated phases to be irrelevant.
Notice that τ → µγ has little impact on the importance of δ for leptogenesis. This
is because it is mostly related to θL23, the angle from VL which does not affect ǫ in our
parametrisation.
A second possibility, where δ would be important for leptogenesis, arises if
θL1j ,
√√√√m2ν2mν1
m3ν3
≪ θ13 , (Oδ, Oφ′ large) (65)
5this is because ν3 ≃ (ντ + νµ)/
√
2
6We use mν1 = .01mν3 to estimate numerical upper bounds on the angles. The parameter space
where this scenario obtains shrinks down as mν1 decreases.
7In this discussion, we approximate (!) BR(ℓj → ℓiγ) ∼ 10−7y2k|V ∗LkjVLki|2
(
tan β
10
)2 (
300GeV
msusy
)4
, so
these estimates are for flavour only and should be taken with large crystals of salt.
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This in the interesting case for the neutrino factory; it would arise for θ13 > .01
√
mν1
.01mν3
and θL1j < θ13. For mν1 ∼ .01mν3 , it corresponds to a CHOOZ angle accessible to the
neutrino factory, τ → eγ below anticipated sensitivities (BR(τ → eγ) < 10−9), and
BR(µ→ eγ) <∼ θ213BR(τ → µγ). Case 2 (eq 65) corresponds to Oδ large, and therefore
τ → eγ unobservably small.
A final possibility is that the phases of the slepton mass matrix are more important
for leptogenesis than δ. This corresponds to
θ13,
√√√√m2ν2mν1
m3ν3
≪ θL1j , (Oϕ1j , Oφ′ large) (66)
An example of this case would be θ13 ∼ .01—so detectable at the neutrino factory, and
sin θL13 ≃ 1/
√
5—which would imply BR(τ → eγ) ∼ 10−8. This example is plotted
in figure 3 (if {θL13, ϕ13} and {θL12, ϕ12} are interchanged). If τ → eγ is observed, then
we are in case 3, Oϕ1j > Oδ and the slepton phases are probably more important for
leptogenesis than δ. Notice however, that lepton flavour violating processes could be
small even in this case, where δ is not important for leptogenesis. The 1-2 angle of
VL can be large, without inducing observable ℓj → ℓiγ rates, because it induces lepton
flavour violating slepton masses proportional to y22. Such simultaneously small lepton
flavour violation and Oδ could be disfavoured by model-building, because it requires
θL13 ≪ θL12.
To summarise these three cases: we find that the neutrino factory phase δ can
be important for leptogenesis. When the CHOOZ angle is large enough to detect
CP violation at neutrino factories (which requires θ13 >∼ .01), and the lepton flavour
violating branching ratios are vanishingly small (θL12, θ
L
13
<∼ θ13), then δ contributes
significantly to the leptogenesis phase (|Oδ|2 >∼ .3). This can be seen from our low-
energy approximation to ǫ, eq. (61): if W13 is not too small, ǫ depends on the phase
difference betweenW12 andW13, and if θ13 >∼ θL12, θL13, the phase ofW13 is δ. Although δ
appears always suppressed by the CHOOZ angle, which is small, it plays an important
role, because W13 is multiplied by the largest neutrino mass mν3 . The phase δ is
unlikely to be important for leptogenesis if either the CHOOZ angle is small (θ13 < .01
—see fig 1), or if the τ → eγ or µ→ eγ branching ratios are large (θL12, θL13 > θ13 —see
fig 3).
We find that the Majorana phase φ′ is (almost) always important for leptogenesis.
For instance, the fraction of ǫ that is due to φ′, Oφ′, is significant in all the cases we
have studied. Algebraically, the reason is that the main contribution to ǫ in eq.(61) is
generically proportional to W12, that is proportional to e
iφ′ , unless some cancellations
occur. The contribution from any of the other phases can be suppressed by sending
a small parameter to zero. The Majorana phase of mν1 , φ, becomes unimportant as
mν1 → 0, and the three Dirac phases δ, ϕ12 and ϕ13 multiply angles which are positively
small (s13) or believed to be small (s
L
12, s
L
13). The contribution of φ
′, on the other hand,
is consistently significant.
It is interesting to study how closely related are the Majorana phases of the light
neutrinos to the Majorana phases of the heavy right-handed neutrinos. It is well
known that when neutrinos have Majorana masses, there is CP violation even in the
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two generation model. This suggests that the Majorana phases of the νR sector could
be more important for leptogenesis than the Dirac phase, because they can contribute
to the CP asymmetry ǫ suppressed by mixing between only two of the νR, rather than
mixing among the three νR, as required for the Dirac phase. However, there is no
symmetry-based distinction between Majorana phases and Dirac phases. The high
scale Majorana phases are functions of all the weak scale parameters—the real ones
as well as all the Dirac and Majorana phases. So the reason φ′ is important is not
that low energy Majorana phases determine the high scale Majorana phases. One can
check from the formulae in section 4 that φ′ is usually significant because it multiples
a not-very-small mass, rather than a (possibly) small mixing angle.
We do not find a simple correlation between the sign of low energy phases and the
sign of the CP asymmetry ǫ. Such a correlation would be interesting, and exists in
certain models [45]. However, in our bottom-up approach, ǫ is usually proportional
to phase differences (ǫ ∼ sin(jα + nβ)), as can be seen from eq. (61) and the various
limiting cases discussed in sections 6 and 7.
In summary, we have studied the relative importance of low energy phases for
leptogenesis. Using a parametrization of the seesaw mechanism in terms of weak scale
variables, we express the CP asymmetry produced in the decay of the lightest νR as a
function of the “neutrino factory phase” δ, the “neutrinoless double beta decay phase”
φ′, and three other “physical” weak scale phases. We introduce a way of splitting ǫ into
contributions due to the different phases, δ, φ′, etc. We assume that ǫ is big enough to
be responsible for the observed baryon asymmetry, and compare the relative size of the
different contributions. We find that φ′ is generically important for leptogenesis. The
importance of δ depends on the mixing angles of the slepton sector. If these are smaller
than the CHOOZ angle, then δ makes a significant contribution to leptogenesis.
Acknowledgments
We thank Felipe Joaquim, Michael Plu¨macher and Graham Ross for discussions, and
Wilfred Buchmu¨ller, F Schrempp and particularily Laura Covi for comments and sug-
gestions.
Addendum
After this work was completed, a related analysis appeared [51].
Appendix
In the appendix we explain the numerical procedure that we have followed to compute
the contributions to the CP asymmetry from the different phases. For the sake of clarity
we will only present the procedure we followed for the case VL = 1, where only the
phases δ, φ and φ′ were relevant. The extension to the general case is straight-forward.
Our starting point to compute the contributions was the Fourier expansion of the
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CP asymmetry
ǫ =
∑
j,k,l
Ajkl sin(jδ + kφ+ lφ
′) = Cδ + Cφ + Cφ′ + Cδφ + Cδφ′ + Cφφ′ + Cδφφ′ (67)
with Cα, Cαβ and Cδφφ′ as in eqs.(34)-(36). From the periodicity of ǫ it is apparent
that
Cδ =
1
(2π)2
∫ π
−π
dφ dφ′ ǫ
Cφ =
1
(2π)2
∫ π
−π
dδ dφ′ ǫ (68)
Cφ′ =
1
(2π)2
∫ π
−π
dδ dφ ǫ
Cδφ =
1
(2π)
∫ π
−π
dφ′ ǫ− (Cδ + Cφ′)
Cδφ′ =
1
(2π)
∫ π
−π
dφ ǫ− (Cδ + Cφ) (69)
Cφφ′ =
1
(2π)
∫ π
−π
dδ ǫ− (Cφ + Cφ′)
Cδφφ′ = ǫ− (Cδ + Cφ + Cφ′ + Cδφ + Cδφ′ + Cφφ′) . (70)
These integrals can be computed numerically, thus giving the different contributions
to the CP asymmetry. This avoids difficulties with the points where the approximation
eq. (30) breaks down. However, it is also interesting to solve this integrals analytically,
to cross-check the results we obtained in Section 6. The results for the double integrals
are
Cδ ≃ 0 Cφ ≃ 0 Cφ′ ≃ 0. (71)
On the other hand, the results for the single integrals is more involved and depends on
the particular point of the parameter space. These integrals can be computed using
the residue theorem; the number of poles inside the unit circle depends on the values
of the phases and other neutrino parameters, especially on the CHOOZ angle, hence
the dependence of the result on the chosen parameters. However, some care must be
exercised in using the residue theorem, because there can be poles in eq. (30) at points
where the approximation breaks down. Such poles must be neglected.
The results for the single integrals are different depending on the CHOOZ angle.
We consider three possibilities:
•When the CHOOZ angle is close to the experimental upper limit, or to be precise,
when
|mν1 c213c212 eiφ +mν3 s213 e2iδ| < mν2 c213s212
|mν2 c213s212 eiφ′ +mν3 s213 e2iδ| > mν1 c213c212 (72)
|mν1 c213c212 eiφ +mν2 c213s212 eiφ′ | < mν3 s213 ,
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the single integrals read
Cδφ ≃ 0
Cδφ′ ≃ − 3y
2
1
8πD
Im
{
m3ν2 c
2
13s
2
12 e
iφ′ +m3ν3 s
2
13 e
2iδ
mν2 c
2
13s
2
12 e
iφ′ +mν3 s
2
13 e
2iδ
}
≃ −3y
2
1
2π
(
mν3
mν2
)3
s213 sin(2δ − φ′)
Cφφ′ ≃ 0 , (73)
where D was defined after eq.(44). This result, coincide with eq.(46), that was obtained
using a completely different method.
• When the CHOOZ angle is very small, or when the conditions
|mν1 c213c212 eiφ +mν3 s213 e2iδ| < mν2 c213s212
|mν2 c213s212 eiφ′ +mν3 s213 e2iδ| < mν1 c213c212 (74)
|mν1 c213c212 eiφ +mν2 c213s212 eiφ′ | > mν3 s213
are fulfilled, the results for the single integrals are
Cδφ ≃ 0
Cδφ′ ≃ 0 (75)
Cφφ′ ≃ − 3y
2
1
8πD
Im
{
m3ν1 c
2
13c
2
12 e
iφ +m3ν2 c
2
13s
2
12 e
iφ′
mν1 c
2
13c
2
12 e
iφ +mν2 c
2
13s
2
12 e
iφ′
}
≃ 3y
2
1
4π
mν1
mν2
sin(φ− φ′) .
This result is identical to the result obtained using series expansions in Section 6,
eq.(47).
• For intermediate values of the CHOOZ angle, it is usually the case that
|mν1 c213c212 eiφ +mν3 s213 e2iδ| < mν2 c213s212
|mν2 c213s212 eiφ′ +mν3 s213 e2iδ| > mν1 c213c212 (76)
|mν1 c213c212 eiφ +mν2 c213s212 eiφ| > mν3 s213 ,
so the single integrals are
Cδφ ≃ 0
Cδφ′ ≃ − 3y
2
1
8πD
Im
{
m3ν2 c
2
13s
2
12 e
iφ′ +m3ν3 s
2
13 e
2iδ
mν2 c
2
13s
2
12 e
iφ′ +mν3 s
2
13 e
2iδ
}
≃ −3y
2
1
2π
(
mν3
mν2
)3
s213 sin(2δ − φ′)
Cφφ′ ≃ − 3y
2
1
8πD
Im
{
m3ν1 c
2
13c
2
12 e
iφ +m3ν2 c
2
13s
2
12 e
iφ′
mν1 c
2
13c
2
12 e
iφ +mν2 c
2
13s
2
12 e
iφ′
}
≃ 3y
2
1
4π
mν1
mν2
sin(φ− φ′) , (77)
that are identical to eq.(49).
References
[1] R. J. Davis, D. S. Harmer and K. C. Hoffman, Phys. Rev. Lett. 20 (1968)
1205.
29
[2] Y. Fukuda et al. [Super-Kamiokande Collaboration], Phys. Rev. Lett. 81
(1998) 1562, Phys. Rev. Lett. 82 (1999) 1810, Phys. Rev. Lett. 82 (1999)
2430.
[3] M. Fukugita and T. Yanagida, Phys. Lett. B 174 (1986) 45.
[4] see e.g. W. Buchmuller and S. Fredenhagen, hep-ph/0001098; A. Riotto and
M. Trodden, Ann. Rev. Nucl. Part. Sci. 49 (1999) 35; V. A. Rubakov and
M. E. Shaposhnikov, Usp. Fiz. Nauk 166 (1996) 493 [Phys. Usp. 39 (1996)
461].
[5] A. D. Sakharov, Pisma Zh. Eksp. Teor. Fiz. 5 (1967) 32 [JETP Lett. 5 (1967)
24].
[6] M. Gell-Mann, P. Ramond and R. Slansky, Proceedings of the Supergravity
Stony Brook Workshop, New York 1979, eds. P. Van Nieuwenhuizen and D.
Freedman; T. Yanagida, Proceedinds of the Workshop on Unified Theories and
Baryon Number in the Universe, Tsukuba, Japan 1979, ed.s A. Sawada and
A. Sugamoto; R. N. Mohapatra, G. Senjanovic, Phys.Rev.Lett. 44 (1980)912,
ibid. Phys.Rev. D23 (1981) 165.
[7] G. C. Branco, T. Morozumi, B. M. Nobre and M. N. Rebelo, arXiv:hep-
ph/0107164.
[8] G. C. Branco, R. Gonzalez Felipe, F. R. Joaquim and M. N. Rebelo,
arXiv:hep-ph/0202030.
[9] J. R. Ellis, J. Hisano, S. Lola and M. Raidal, arXiv:hep-ph/0109125.
[10] A. S. Joshipura, E. A. Paschos and W. Rodejohann, JHEP 0108 (2001) 029
[arXiv:hep-ph/0105175]. W. Rodejohann and K. R. Balaji, Phys. Rev. D 65
(2002) 093009 [arXiv:hep-ph/0201052].
[11] M. S. Berger and K. Siyeon, Phys. Rev. D 65 (2002) 053019 [arXiv:hep-
ph/0110001]. F. Buccella, D. Falcone and F. Tramontano, Phys. Lett. B 524
(2002) 241 [arXiv:hep-ph/0108172]. D. Falcone and F. Tramontano, Phys.
Lett. B 506 (2001) 1 [arXiv:hep-ph/0101151]. D. Falcone and F. Tramontano,
Phys. Rev. D 63 (2001) 073007 [arXiv:hep-ph/0011053].
[12] S. F. King, arXiv:hep-ph/0204360.
[13] S. Davidson and A. Ibarra, JHEP 0109 (2001) 013 [arXiv:hep-ph/0104076].
[14] Q. R. Ahmad et al. [SNO Collaboration], Phys. Rev. Lett. 87 (2001) 071301;
[15] Q. R. Ahmad et al. [SNO Collaboration], arXiv:nucl-ex/0204008. Q. R. Ah-
mad et al. [SNO Collaboration], arXiv:nucl-ex/0204009.
30
[16] V. Barger, D. Marfatia, K. Whisnant and B. P. Wood, Phys. Lett. B
537 (2002) 179 [arXiv:hep-ph/0204253]. A. Bandyopadhyay, S. Choubey,
S. Goswami and D. P. Roy, arXiv:hep-ph/0204286. J. N. Bahcall,
M. C. Gonzalez-Garcia and C. Pena-Garay, arXiv:hep-ph/0204314. P. C. de
Holanda and A. Y. Smirnov, arXiv:hep-ph/0205241. A. Strumia, C. Catta-
dori, N. Ferrari and F. Vissani, arXiv:hep-ph/0205261. G. L. Fogli, E. Lisi,
A. Marrone, D. Montanino and A. Palazzo, arXiv:hep-ph/0206162.
[17] B. T. Cleveland et al., Astrophys. J. 496 (1998) 505; Y. Fukuda et al.
[Kamiokande Collaboration], Phys. Rev. Lett. 77 (1996) 1683; S. Hatakeyama
et al. [Kamiokande Collaboration], Phys. Rev. Lett. 81 (1998) 2016;
W. W. Allison et al., Phys. Lett. B 391 (1997) 491; W. W. Allison et al.
[Soudan-2 Collaboration], Phys. Lett. B 449 (1999) 137; W. Hampel et al.
[GALLEX Collaboration], Phys. Lett. B 388 (1996) 384; D. N. Abdurashitov
et al., Phys. Rev. Lett. 77 (1996) 4708.
[18] M. Apollonio et al. [CHOOZ Collaboration], Phys. Lett. B 466 (1999) 415.
[19] see e.g. A.Alessandrello et. al, Phys. Lett. B486 (2000) 13; Heidelberg-
Moscow Collaboration, Phys. Rev. Lett. 83 (1999) 41-44; Heidelberg-Moscow
Collaboration, Nucl. Phys. A694 (2001) 269-294.
[20] V. M. Lobashev et al., Phys. Lett. B 460 (1999) 227. C. Weinheimer et al.,
Phys. Lett. B 460 (1999) 219.
[21] see, e.g. C. Albright et al., hep-ex/0008064
or, on the web: http://www.cap.bnl.gov/mumu/mu home page.html, or
http://muonstoragerings.web.cern.ch/muonstoragerings/
[22] A. Cervera, A. Donini, M. B. Gavela, J. J. Gomez Cadenas, P. Hernandez,
O. Mena and S. Rigolin, Nucl. Phys. B 579 (2000) 17 [Erratum-ibid. B 593
(2001) 731] [arXiv:hep-ph/0002108]. M. Freund, P. Huber and M. Lindner,
Nucl. Phys. B 615 (2001) 331 [arXiv:hep-ph/0105071].
[23] A. Romanino, Nucl. Phys. B 574 (2000) 675 [arXiv:hep-ph/9909425].
J. Burguet-Castell, M. B. Gavela, J. J. Gomez-Cadenas, P. Hernandez and
O. Mena, Nucl. Phys. B 608 (2001) 301 [arXiv:hep-ph/0103258].
[24] V. Barger, S. L. Glashow, P. Langacker and D. Marfatia, arXiv:hep-
ph/0205290.
[25] see e.g. S. R. Elliott and P. Vogel, arXiv:hep-ph/0202264.
[26] F. Borzumati and A. Masiero, Phys. Rev. Lett. 57 (1986) 961.
[27] J. A. Casas and A. Ibarra, Nucl. Phys. B 618 (2001) 171 [arXiv:hep-
ph/0103065].
31
[28] see e.g.W. Buchmuller and M. Plumacher, Phys. Rept. 320 (1999) 329, and
references therein.
[29] V. A. Kuzmin, V. A. Rubakov and M. E. Shaposhnikov, Phys. Lett. B 155
(1985) 36.
[30] J. Ellis, M. E. Gomez, G. K. Leontaris, S. Lola and D. V. Nanopoulos, Eur.
Phys. J. C 14 (2000) 319; M. E. Gomez, G. K. Leontaris, S. Lola and J. D. Ver-
gados, Phys. Rev. D 59 (1999) 116009; J. L. Feng, Y. Nir and Y. Shadmi,
Phys. Rev. D 61 (2000) 113005. G. K. Leontaris and N. D. Tracas, Phys. Lett.
B 431 (1998) 90; W. Buchmuller, D. Delepine and L. T. Handoko, Nucl. Phys.
B 576 (2000) 445. W. Buchmuller, D. Delepine and F. Vissani, Phys. Lett. B
459 (1999) 171; D. F. Carvalho, M. E. Gomez and S. Khalil, hep-ph/0101250;
J. Sato and K. Tobe, hep-ph/0012333; S. F. King and M. Oliveira, Phys. Rev.
D 60 (1999) 035003; R. Barbieri, L. Hall and A. Strumia, Nucl. Phys. B 445
(1995) 219.
[31] J. Hisano, T. Moroi, K. Tobe and M. Yamaguchi, Phys. Rev. D 53 (1996)
2442. J. Hisano and D. Nomura, Phys. Rev. D 59 (1999) 116005. J. Sato,
K. Tobe and T. Yanagida, Phys. Lett. B 498 (2001) 189. J. Hisano, D. No-
mura, Y. Okada, Y. Shimizu and M. Tanaka, Phys. Rev. D 58 (1998) 116010;
J. Hisano, D. Nomura and T. Yanagida, Phys. Lett. B 437 (1998) 351;
J. Hisano, T. Moroi, K. Tobe and M. Yamaguchi, Phys. Lett. B 391 (1997)
341; P. Ciafaloni, A. Romanino and A. Strumia, Nucl. Phys. B 458 (1996) 3;
G. Barenboim, K. Huitu and M. Raidal, Phys. Rev. D 63 (2001) 055006;
[32] S. Lavignac, I. Masina and C. A. Savoy, arXiv:hep-ph/0106245. S. Lavi-
gnac, I. Masina and C. A. Savoy, Nucl. Phys. B 633 (2002) 139 [arXiv:hep-
ph/0202086].
[33] M. L. Brooks et al. [MEGA Collaboration], Phys. Rev. Lett. 83 (1999) 1521
[arXiv:hep-ex/9905013].
[34] L.M. Barkov et al., Research proposal for an experiment at PSI: R-99-05.1 .
L. Serin, R Stroynowski, ATLAS internal note.
[35] J. Sato, K. Tobe and T. Yanagida, Phys. Lett. B 498 (2001) 189 [arXiv:hep-
ph/0010348].
[36] G. C. Branco, L. Lavoura and M. N. Rebelo, Phys. Lett. B 180 (1986) 264.
A. Santamaria, Phys. Lett. B 305 (1993) 90 [arXiv:hep-ph/9302301].
[37] Z. Maki, M. Nakagawa and S. Sakata, Prog. Theor. Phys. 28 (1962) 870.
[38] M. Fujii, K. Hamaguchi and T. Yanagida, Phys. Rev. D 65 (2002) 115012
[arXiv:hep-ph/0202210]; S. Davidson and A. Ibarra, Phys. Lett. B 535 (2002)
25 [arXiv:hep-ph/0202239].
32
[39] A. S. Dighe and A. Y. Smirnov, Phys. Rev. D 62 (2000) 033007 [arXiv:hep-
ph/9907423]. V. Barger, D. Marfatia and B. P. Wood, Phys. Lett. B 532
(2002) 19 [arXiv:hep-ph/0202158]. H. Minakata and H. Nunokawa, Phys. Lett.
B 504 (2001) 301 [arXiv:hep-ph/0010240].
[40] K. A. Olive, G. Steigman and T. P. Walker, Phys. Rept. 333 (2000) 389.
[41] M. Plumacher, Z. Phys. C 74 (1997) 549. M. Plumacher, Nucl. Phys. B 530
(1998) 207.
[42] K. Hamaguchi, H. Murayama and T. Yanagida, Phys. Rev. D 65 (2002)
043512 [arXiv:hep-ph/0109030].
[43] L. Covi, E. Roulet and F. Vissani, Phys. Lett. B 384 (1996) 169.
[44] M. Kawasaki and T. Moroi, Prog. Theor. Phys. 93 (1995) 879; J. R. Ellis,
G. B. Gelmini, J. L. Lopez, D. V. Nanopoulos and S. Sarkar, Nucl. Phys. B
373 (1992) 399. J. R. Ellis, D. V. Nanopoulos, K. A. Olive and S. J. Rey,
Astropart. Phys. 4 (1996) 371; M. Bolz, A. Brandenburg and W. Buchmuller,
Nucl. Phys. B 606 (2001) 518.
[45] W. Buchmuller and D. Wyler, Phys. Lett. B 521 (2001) 291 [arXiv:hep-
ph/0108216].
[46] H. Baer, C. Balazs, S. Hesselbach, J. K. Mizukoshi and X. Tata, Phys. Rev.
D 63 (2001) 095008 [arXiv:hep-ph/0012205].
[47] J. Ellis, J. Hisano, M. Raidal and Y. Shimizu, arXiv:hep-ph/0206110.
[48] for recent analyses, see e.g. A. Romanino and A. Strumia, Nucl. Phys. B 622
(2002) 73 ; [hep-ph/0108275]. S. Abel, S. Khalil and O. Lebedev, Nucl. Phys.
B 606 (2001) 151 ; [hep-ph/0103320]. S. Pokorski, J. Rosiek and C. A. Savoy,
Nucl. Phys. B 570 (2000) 81 ; [hep-ph/9906206].
[49] S. Davidson, A. Ibarra, M Plumacher, work in progress.
[50] R. Barbieri, P. Creminelli, A. Strumia and N. Tetradis, Nucl. Phys. B 575
(2000) 61.
[51] J. Ellis and M. Raidal, arXiv:hep-ph/0206174.
33
